of a haploid cell is determined by the presence of P Here we show that a recombination-promoting com-(plus) or M (minus) information at the mat1 locus. The plex (RPC) containing Swi2 and Swi5 proteins exhibits mat2 and mat3 loci contain the same genetic information cell type-specific localization pattern at the silent as the mat1-P and mat1-M alleles, respectively, but are mating-type region and this differential localization maintained in a transcriptionally silent state (Egel and modulates donor preference during mating-type Gutz, 1981). These silent loci serve as donors of genetic switching. In P cells, RPC localization is restricted to information for the mat1 locus during mating-type a recombination enhancer located adjacent to mat3,
, mat2 is sepaexpressed mat1 locus with sequences copied from rated from mat1 by an approximately 15-kb interval, one of two silent donor loci, mat2-P or mat3-M, located named L-region, whereas mat3 is separated from mat2 within a 20-kb heterochromatic domain. Donor selec-
by an approximately 11-kb interval, called K-region tion is dictated by cell type: mat2 is the preferred donor (Beach, 1983; Grewal and Klar, 1997). The mating type in M cells, and mat3 is the preferred donor in P cells.
of a haploid cell is determined by the presence of P Here we show that a recombination-promoting com-(plus) or M (minus) information at the mat1 locus. The plex (RPC) containing Swi2 and Swi5 proteins exhibits mat2 and mat3 loci contain the same genetic information cell type-specific localization pattern at the silent as the mat1-P and mat1-M alleles, respectively, but are mating-type region and this differential localization maintained in a transcriptionally silent state (Egel and modulates donor preference during mating-type Gutz, 1981). These silent loci serve as donors of genetic switching. In P cells, RPC localization is restricted to information for the mat1 locus during mating-type a recombination enhancer located adjacent to mat3,
switching (reviewed in Grewal [2000]). but in M cells, RPC spreads in cis across the entire
Mating-type switching is initiated by a strand-specific silent mating-type interval in a heterochromatinimprint adjacent to the mat1 locus that is converted dependent manner. Our analyses implicate heteroto a double-strand break (DSB) in the next S phase chromatin in long-range regulatory interactions and (Arcangioli, 1998; Dalgaard and Klar, 1999) . Cells repair suggest that heterochromatin imposes at the matingthe broken DNA by a gene conversion event in which type region structural organization that is important the mating-type allele sequence present at the mat1 for the donor-choice mechanism.
locus is replaced with that copied from mat2 or mat3 (Beach, 1983). A remarkable feature of mating-type Introduction switching is that the choice of the donor locus during each switch is nonrandom. By a process referred to as Directed recombination events play pivotal roles in celdirectionality of switching, cells predominantly switch to lular differentiation and development in a wide range of the opposite mat1 allele such that mat2 is the preferred organisms. For example, during the maturation of the donor in mat1-M cells, whereas mat3 is the preferred mammalian immune system, recombination between donor in mat1-P cells (Miyata and Miyata, 1981) . Thereexons of the V(D)J sequences leads to the assembly fore, cell type (M or P ) dictates which of the silent matof a diverse repertoire of immunoglobulin and T cell ing-type loci will be used as a donor. By using strains receptors, which are both lineage and developmental in which genetic contents of the mat2 and mat3 loci stage specific (reviewed in Gellert [2002] ). Similarly, matwere swapped, Thon and Klar (1993) showed that the ing-type switching in two distantly related yeast species, location of the donor loci on the chromosome, rather Saccharomyces cerevisiae and Schizosaccharomyces than their DNA sequence, directs the choice of donor pombe, involves a highly ordered recombination event in each cell type. Therefore, cis-acting sequences outin which the mating-type locus switches between two side of the donor loci themselves must selectively actialternative alleles by copying information from one of vate or repress one of the donors in a cell type-spethe two silent donor loci (reviewed in Klar [1989] ; Haber cific manner. [1998] ). Although the proteins involved in these proIt has been shown that heterochromatin within the 20-cesses are quite divergent, each instance involves dekb domain containing the mat2 and mat3 loci (mat2/3 velopmentally regulated long-range interactions beinterval) is essential for both transcriptional silencing tween the acceptor locus and the selected donor locus and directionality of switching ( therefore analyzed the utilization of the two donors by swi2 and swi5 along with swi6 is believed to be involved determining the mat1 genetic content. Mating-type alin efficient utilization of the DSB during switching prolele-specific (i.e., mat1-P or mat1-M) primers were used cess since their mutations result in reduced levels of to perform quantitative multiplex PCR on either wildswitching to the opposite mating type without affecting type or ⌬swi2 strain genomic DNA. As expected, the generation of the DSB at the mat1 locus or recombiwild-type strain contains an equal number of P and M nation resolution steps (Egel et al., 1984) . Swi5, a concells as indicated by the almost equal intensity bands served protein that is partially homologous to S. cererepresenting mat1-P and mat1-M ( Figure 1B ), sugvisiae Sae3, has been also implicated in general gesting efficient utilization of both donors. However, recombination and forms a complex with Rhp51 (Akacells carrying the ⌬swi2 allele were predominantly of the matsu et al., 2003), a homolog of mammalian Rad51 P mating type ( Figure 1B ). These data imply that mat2 (Baumann and West, 1998). However, the exact function is the preferred donor in ⌬swi2 cells and mat3 is used of swi2 and swi5 in mating-type switching remains obrelatively inefficiently. scure. The resemblance of switching defects in swi2
Mutations in swi6 severely reduce the efficiency of and swi5 mutants to those of swi6 mutants nonetheless mating-type switching in h 90 cells, leading to formation suggests an intriguing possibility that these factors have of colonies stained lightly with iodine vapors (Thon and a role in heterochromatin-mediated control of the donorKlar, 1993) ( Figure 1A ). However, in contrast to ⌬swi2 choice mechanism. cells, the switching defect in swi6 mutant cells is attribIn this article, we present results showing that Swi2 uted to their inability to utilize mat2 as a donor (Thon exhibits cell type-specific localization pattern at the siand Klar, 1993). Consequently, cells carrying swi6 mutalent mating-type region and regulates directionality of tion are predominantly of the M mating type ( Figure 1B ). mating-type switching. Whereas Swi2 binds specifically We tested whether ⌬swi2 would suppress the switching to a recombination enhancer located adjacent to the phenotype of a swi6 mutation. Remarkably, swi2swi6 mat3 locus in P cells, it spreads throughout the entire double mutant showed a significant increase in switchmat2/3 interval in M cells. The spreading of Swi2 is ing to the opposite mating type compared to swi2 or mediated by heterochromatin complexes and depends swi6 single mutants ( Figure 1B) . As predicted by this upon direct binding of Swi2 to Swi6 protein. The presincrease in heterologous switching that presumably reence of Swi2 at the mating-type region also permits flects random selection of donor loci, swi2swi6 double Swi5 recombination protein to localize and distribute mutant colonies stained darker with iodine vapors than throughout the mat2/3 interval in a cell type-specific manner. These analyses provide insights into the mechthe single mutant colonies ( Figure 1A ). These data clearly demonstrate a genetic interaction between Swi2 reinforce the conclusion that Swi2 and Swi6 function in nonrandom choice of donors during mating-type switchand Swi6 and suggest that these proteins cooperate to regulate the directionality of switching.
ing, irrespective of the mating-type configuration. To confirm these results, we also examined the effects of mutations in swi2 and swi6 on switching in h 09 strain
Swi2 Physically Interacts with Swi6
To further elucidate the function of swi2, we constructed background. In h 09 cells, the contents of the donor loci are swapped such that mat2 contains M information a strain expressing Swi2 fused with a quadruple myc epitope tag at the C terminus (Swi2-myc). The tagged and mat3 contains P information (Thon and Klar, 1993). Since the location of donor loci on the chromosome swi2 ϩ is under the control of its native regulatory elements so as to achieve wild-type levels of expression. rather than their genetic content is a deciding factor for donor choice, switching in h 09 cells results predomiWestern analysis with anti-myc antibody revealed a single band representing Swi2-myc in the tagged strain nantly in futile replacement of the mat1-P or -M allele with the same allele (Thon and Klar, 1993). As a result, that was absent in control wild-type extracts ( Figure 2A ). Cells expressing Swi2-myc switched normally (data not colonies formed by h 09 cells stain lightly with iodine vapors ( Figure 1C ). Mutations in swi2, swi6, and swi2swi6 shown), indicating that Swi2-myc can functionally replace the wild-type protein. Immunofluorescence analyhad the predicted effect on donor preference in h 09 strains. As shown in Figures 1C and 1D , we observed sis with anti-myc antibody showed that Swi2 localizes to the nucleus ( Figure 2B ). Interestingly, we observed a decrease in utilization of the mat3 locus as a donor in swi2 mutant strain, whereas swi6 mutant strain one to three bright Swi2 foci present near the nuclear periphery, in addition to the minutely speckled to diffuse showed a decrease in the utilization of the mat2 locus. Moreover, swi2 and swi6 mutations each reciprocally distribution throughout the nucleus. Since Swi6 is known to localize at the nuclear periphery to discrete suppressed the switching defect caused by the other, resulting in random utilization of mat2 and mat3 loci.
foci, which correspond to heterochromatin found at the centromeres, telomeres, and the mating-type region As a result, swi2swi6 double mutant h 09 and h 90 strains showed comparable levels of sporulation (43%-47%) (Ekwall et al., 1995), we also investigated whether Swi2 colocalizes with Swi6. Coimmunofluorescence with antiand iodine staining ( Figures 1A and 1C) . These results myc and Swi6 antibodies by using the Swi2-myc strain ferase (GST) pull-down assay was used to examine interactions in vitro. When in vitro translated Swi2 was incushowed that Swi2 partially colocalized with Swi6 ( Figure  2C ). In particular, at least one of the bright Swi2 foci bated with GST-Swi6 or GST alone, Swi2 specifically bound to GST-Swi6 ( Figure 2D ), suggesting that these overlapped with Swi6 in most cells ( Figure 2C ). Therefore, in addition to a broad distribution of Swi2 throughtwo proteins interact directly. Moreover, we found that GST-Swi2 bound to in vitro translated Swi6 protein (Figout Swi6-containing heterochromatin is required for spreading of Swi2 in cis across the entire mat2/3 region. methylation at these heterochromatic loci were comparable in wild-type and ⌬swi2 cells, as shown by chromaWe next mapped Swi2 at the mating-type region of a stable P (mat1P⌬17; Arcangioli and Klar, 1991) strain. tin immunoprecipitation (ChIP) analysis (Supplemental Figure S1 on the Cell website). Based on these data, Surprisingly, we found that Swi2 localization was restricted to the SRE element in both wild-type and the we concluded that Swi2 is dispensable for heterochromatin formation.
swi6 mutant strain (Figure 3) . The failure of Swi2 to spread across the mat2/3 region in wild-type P cells was not attributable to differences in Swi2 levels because Swi2-myc was expressed at equivalent levels in Swi2 Binds to the Mating-Type Region We next assayed by ChiP analysis with strains expressboth stable P and M cells (Supplemental Figure S4 on the Cell website). We find it remarkable that Swi2 exhibits a ing Swi2-myc for the presence of Swi2 at heterochromatic loci such as centromeric repeats and the mat cell type-specific localization pattern at the mating-type region. This differential localization of Swi2 at the mat2/3 locus. Although Swi2 was not detected at imr1::ura4 
4C). Moreover, we observed that switching defect
Swi5 localization pattern closely resembled that of Swi2, suggesting that Swi5 might be recruited to the matingcaused by ⌬SRE was suppressed by mutation in swi6, as reflected by almost equal utilization of mat2 and mat3 type region through its interaction with Swi2. Supporting this possibility, we found that the localization of Swi5 loci as donors in ⌬SRE swi6 double mutant cells. We conclude from these analyses that the SRE is the to the mating-type region was completely abolished in the ⌬swi2 mutant background in both P and M cell types de novo binding site of Swi2 that serves to enhance nonrandom utilization of donor loci during mating-type ( Figure 5 ). Moreover, ⌬SRE also abolished the binding of Swi5 across the mat2/3 interval in M cells (Supplemental switching. Figure S5 online), concomitant with the loss of Swi2 binding at this region ( Figure 4A ). Thus, Swi5 also disSwi2 Is Required for Cell Type-Specific plays at the silent mating-type region a cell type-specific Distribution of Swi5 at the Mating-Type Region localization pattern that is dependent upon Swi2.
It has been recently reported that Swi2 mediates interaction between the recombination proteins Swi5 and Rhp51 (Akamatsu et al., 2003). Since Swi5 is also known
Effect of a swi2 Deletion on Chromatin Structure at the SRE Element to be important for mating-type switching and belongs to the same epistasis group as Swi2, we explored the Donor mating-type loci are embedded in a heterochromatin domain that exhibits severe recombination suppossibility that Swi5 localizes to the mating-type region. We performed ChIPs with an anti-Swi5 antibody (a gift pression, in addition to transcriptional silencing (Klar and Bonaduce, 1991) . Despite the dramatic suppression from H. Iwasaki) to map the binding of Swi5 across the entire mat2/3 interval. Interestingly, in M cells, Swi5 was of recombination within the mat2/3 region, recombination required for utilization of the donor loci during matfound to localize throughout the 20-kb silent matingtype domain; whereas in P cells, Swi5 binding was attening-type switching occurs efficiently. As it was possible that Swi2 is required for chromatin remodeling at the uated and restricted to the SRE element ( Figure 5 ). This In this study, we discovered that Swi2 protein is required for directionality of switching and is the critical matin structure at the nearby mat3 locus was observed (Figure 6) . Similarly, comparison of chromatin structure factor that connects heterochromatin at the silent mating-type region to donor choice preference. A remarkin wild-type and ⌬swi2 cells did not reveal any significant differences in local chromatin at the mat2 locus (data able finding is that Swi2 exhibits cell type-specific localization patterns at the mating-type region. Swi2 binds not shown). Thus, Swi2 does not appear to act by regulating the local chromatin structure of the donor loci. The specifically to a cis-acting recombination enhancer, SRE, located adjacent to mat3 in P cells, but it spreads significance of the changes in nucleosome positioning observed at the SRE in ⌬swi2 cells remains to be exthroughout the entire 20-kb heterochromatic mat2/3 region in M cells. The spreading of Swi2 from the SRE site plored, but most likely is a manifestation of loss of Swi2 binding to this region.
to across the mat2/3 interval depends upon heterochromatin complexes, in particular Swi6 protein coating this entire region. We demonstrate that Swi2 is required for Discussion the localization of a recombination repair protein Swi5, which also displays cell type-specific distribution at the The process of directionality of switching in fission yeast, wherein cell type dictates which of the silent matmat2/3 region, and together these proteins activate do- nors for recombination during mating-type switching. tionality of switching. We discuss the implications of our findings for long-range regulatory interactions in yeast Independent of its role in the spreading of Swi2, heterochromatin seems to impose at the mating-type region and in higher eukaryotes. structural organization that is also important for direcThe Recruitment and Cell Type-Specific Spreading of Swi2: A Heterochromatin Connection Our analyses suggest that the localization of Swi2 to the mat locus is a highly regulated event. Swi2 can bind to the SRE element regardless of the cell type or the presence of heterochromatin, but the spreading of Swi2 across the silent mating-type interval is strictly dependent upon the heterochromatin complexes distributed throughout this region. More importantly, the spreading of Swi2 occurs in M cells but not in P cells, even though heterochromatin is present at the mat2/3 region in both cell types. The exact mechanism by which Swi2 localizes to the SRE element and spreads in a cell type-specific manner remains to be elucidated. However, we note that Swi2 contains two putative AT hook motifs, which are characteristic of high mobility group (HMG) proteins that bind preferentially to AT-rich sequences. It is therefore possible that Swi2 binds directly to the SRE DNA, which has high AT content. This initial binding of Swi2 ing of RPC from the SRE element to across the mat2/3 interval. Importantly, the location of where RPC binds We have demonstrated that Swi2 is required for the recruitment of Swi5 to the mating-type region. Moreover, has a great influence on which silent mating-type locus will be selected as the donor site. the presence of Swi5 at the mat2/3 region in M and P cells coincides with the distribution of Swi2 across this Switching is initiated by formation of the DSB at the mat1 locus, which triggers the recruitment of DNA repair interval. Since Swi5 is known to be a component of the recombination and DNA repair complex that includes factors that facilitate the search for homologous donor sequences to repair the DSB. Heterochromatin-mediRhp51 (Akamatsu et al., 2003) , it is conceivable that Swi2 could mediate the localization of Rhp51 together ated higher-order folding of the mat2/3 region serves to guide the search process such that the repair machinery with the rest of the recombination machinery to the mat2/3 region to form a recombination complex that scans the nearby mat2 for accessibility as a donor before mat3. However, the actual choice of donor is precan promote activation of specific donor loci for recombination during switching. Consistent with this idea, dominantly determined by the localization of RPC whose presence abets the DNA repair factors in recognizing Swi2 has been shown to serve as a molecular bridge that can promote the interaction between Swi5 and Rhp51 and selecting the corresponding donor site for recombination. This two-component directionality model ac The model proposed above is fully compatible with the phenotypes seen in different directionality mutants ( Figure 7B ). For example, in swi2 mutant strains, the absence of RPC reduces the recombination efficiency at both donors, allowing the influence of heterochromatinmediated preferential interaction between mat1 and mat2 to dominate. As a result, mat2 is utilized more frequently as the donor site than mat3. In contrast, in swi6 mutant strains, impaired heterochromatin abolishes the preferential interaction between mat1 and mat2 loci and prevents the spreading of RPC throughout the mat2/3 region in M cells. Consequently, RPC localization is restricted to the SRE element in both M and P cells, making mat3 the preferred donor site in both cell types. Importantly, confirming the key prediction of our model, the loss of both heterochromatin and RPC in a swi2swi6 double mutant strain confers equal probabilities on both mat2 and mat3 to serve as donors. However, in contrast to highly regulated donor choice in wildtype cells, the choice of donor in the swi2swi6 double mutant is random regardless of the cell type, causing relatively inefficient conversion of mating type. Consistent with this idea, swi2swi6 double mutant colonies , 2002) . In S. cerevisiae, a 700 bp recomdonor during switching. In contrast, in P cells, the restricted binding of RPC to the SRE element makes mat3 bination enhancer that regulates the recombination potential of an entire chromosome arm is required for directhe preferred donor. In this case, the absence of RPC at the mat2 locus makes this site less accessible for tionality of mating-type switching (Wu and Haber, 1996; Szeto et al., 1997). However, the exact mechanism of recombination, so the DNA repair machinery continues to search until it encounters mat3, where the RPC bound how this element activates recombination is not fully understood. By analogy to the SRE element, it is possito the SRE promotes efficient recombination. Therefore, heterochromatin and RPC ensure efficient switching to ble that the recombination enhancer in S. cerevisiae also serves as a loading site for a protein complex similar the opposite mating type in both cell types. It is possible that in M cells, the homology search mechanism occato RPC, which then spreads outward across the entire chromosome arm. The existence of long-range recombisionally bypasses the mat2 locus and instead uses mat3 as a donor, and similarly in P cells, mat2 might be used nation enhancers in distantly related budding and fission yeasts indicate that this mode of recombination control as a donor at low levels even in the absence of the RPC.
